ABSTRACT
INTRODUCTION
DNA microarray analysis has become the most widely used technique for global expression studies (7, 9, 10) . Most approaches to microarray analysis use an experimental design in which cDNA molecules derived from query and reference RNA samples are labeled with distinguishable fluorescent dyes and co-hybridized to an array containing thousands of genes (3); both the query and the reference samples used in hybridization reactions are generally derived from RNA isolated from experimental tissue samples. One difficulty with microarray assays is the identification of an appropriate reference sample for comparison.
In studies evaluating expression differences in perturbed and non-perturbed systems that are otherwise identical, RNA isolated from the nonperturbed state generally serves as an excellent reference, as one can easily see changes in the perturbed state in pairwise comparisons. However, many microarray studies involve complex sets of comparisons between large numbers of samples. In these instances, identification of a single reference RNA source can be difficult. One solution that has been widely used is to create an RNA pool (RNA-p) derived from either all the samples under study or from independent collections of samples selected to achieve the widest possible representation of gene expression.
The construction of an appropriate reference sample in these cases presents a number of challenges. First, it is often difficult to identify samples that provide complete coverage for all of the genes represented on the array. This can be problematic if the query samples exhibit measurable expression for a significant number of genes that are not seen in the reference, as the hybridization intensities for these genes cannot be appropriately normalized or compared between arrays. Second, should the initial RNA reference sample be exhausted, it is often difficult to precisely reconstruct the original; any changes in the reference can potentially skew the resulting data sets, leading to problems during data analysis and interpretation.
Unlike RNA samples, which depend on tissue, state, and developmental stage, genomic DNA isolated from healthy organisms provides a stable reference nucleic acid, independent of variations in the growth, culture conditions, and subsequent purification processes. Further, genomic DNA should, in principal, provide nearly uniform representation of all of the genes on an array, as all genes should be equally represented in the genome. Finally, genomic DNA has the potential to be a truly "universal reference" that could be used in any experiment in a particular organism.
To test this hypothesis, to evaluate the relative performance of genomic DNA and RNA-p as a common reference for microarray gene expression profiling, and to demonstrate the feasibility of using a common reference to infer expression levels, we evaluated transcriptional response to oxidative stress in the model plant Arabidopsis thaliana. Specifically, we exposed plants to hydrogen peroxide and measured the expression at 3 and 6 h following exposure, as well as in unexposed plants. Using both genomic DNA and RNA pooled from all three time points (0, 3, and 6 h) as common reference samples, we computed the expression relative to unexposed plants using a straightforward spot-by-spot normalization procedure. To evaluate the relative performance of these reference sources, we also made direct comparisons of expression using RNA from plants at the 3-and 6-h time points to RNA derived from unexposed plants (RNA-0).
MATERIALS AND METHODS

Microarray Preparation
DNA microarrays of chromosome 2 of A. thaliana were fabricated as described by Hegde et al. (3) . Briefly, genomic fragments representing 4180 gene models on chromosome 2 were amplified by PCR, purified, and printed on SuperAmine aminosilane-coated microscope slides (Telechem, Sunnyvale, CA, USA) using an arraying robot built by Intelligent Automatic Systems (Cambridge, MA, USA). Printed slides were UV-irradiated at an integrated intensity of 350 mJ using a Stratalinker (Stratagene, La Jolla, CA, USA) to cross-link spotted DNA to the slides and were stored in a desiccated chamber until use.
Plant Materials and Isolation of RNA and Genomic DNA
Wild-type A. thaliana Columbia plants were germinated and grown in a 500-mL flask with 100 mL half-strength Murashige and Skoog medium (pH 5.7), vitamins, and sucrose without hormone (6) for 12 days with shaking at 100 rpm under constant light. Hydrogen peroxide (Sigma, St. Louis, MO, USA) was applied to the plants at a final concentration of 5 mM. Treated plants were harvested at 0, 3, and 6 h following exposure and were immediately frozen in liquid nitrogen for RNA extraction.
Total RNA was isolated using TRI-ZOL ® (Invitrogen, Carlsbad, CA, USA) following the manufacturer's protocol. Pools of mRNA were enriched from total RNA preparations using the Oligotex ™ mRNA purification kit (Qiagen, Valencia, CA, USA). Genomic DNA was prepared from untreated 12 dayold Arabidopsis plants using DNeasy ® Plant Mini kit (Qiagen). Purified genomic DNA was digested with Sau3AI (New England Biolabs, Beverly, MA, USA) and purified with a QIAquick PCR purification kit (Qiagen) before labeling and hybridization.
Fluorescent Labeling and Hybridization
Labeling reactions with enriched mRNA were prepared as described in the TIGR standard operating procedures (http://atarrays.tigr.org). A 1-µg quantity of poly(A)-enriched mRNA was used as a template for randomprimed first-strand cDNA synthesis in the presence of amino-allyl-dUTP (Sigma) during reverse transcription, followed by the conjugation of purified reaction products to the esters of Cy3 and Cy5 fluorescent dyes (Amersham Biosciences, Piscataway, NJ, USA). Digested genomic DNA samples (3 µg each) were labeled with amino-allyl-dUTP using random primers in the presence of Klenow enzyme (Invitrogen), followed by coupling to the Cy3 or Cy5 esters.
Hybridization ray image analyses were conducted as described in the TIGR microarray standard operating procedures (http://atarrays.tigr.org). Following hybridization, microarray slides were scanned using a laser scanner (GenePix ® 4000, Axon Instrument, Foster City, CA, USA). Background-subtracted integrated intensities as well as background levels were measured for each spot using TIGR Spotfinder 1.0 (http://www.tigr.org/software; TIGR, Rockville, MD, USA). Spots that had lower intensities than local background were assigned 0 values. To remove unreliable low-intensity spots, those with intensities less than 1.5 times the corresponding local background level in either of the two channels were eliminated before data normalization.
RESULTS
Self versus Self Hybridizations of Genomic DNA and cDNA Samples
As there have not been any published studies using genomic DNA as a reference for microarray expression analysis, we first investigated the reproducibility of genomic DNA labeling and hybridization to validate its suitability for this purpose. Equal quantities of the same isolate of genomic DNA were independently labeled with Cy3 and Cy5 and co-hybridized to a single Arabidopsis chromosome 2 microarray containing PCR products representing 4180 genes and pseudogenes present on the chromosome (5) (Figure 1 ). Fluorescence intensities were measured in both channels, and signals were normalized within each array using a total intensity approach (8) . Normalized signal intensities correlated extremely between channels, with a Pearson correlation coefficient (r) of 0.98 ( Figure 1A) , and compared favorably to results obtained for pooled RNA and RNA derived from a single source (Figure 1 , B and C). This suggests that genomic DNA can be reproducibly labeled and that there are few, if any, dye-specific labeling and hybridization artifacts.
Use of Hydrogen Peroxide-Treated Arabidopsis Plants to Test the Reliability of References in Gene Expression Profiling
To evaluate the relative utility of RNA-p and genomic DNA reference sources, we examined their ability to assess temporal patterns of expression in Arabidopsis plants treated with hydrogen peroxide. We chose this system because RNA from unexposed plants (RNA-0) provides a natural basis for comparison with later time points. In addition, there are a number of wellknown hydrogen peroxide-responsive genes located on chromosome 2 that could be used as markers to evaluate the results. These include genes coding for glutathione S-transferase 6 (GST6), phenylalanine ammonia lyase (PAL1), and the 70-kDa heat shock protein, which are involved in detoxification or defense processes (1, 2, 4) . For both the RNA-p and genomic DNA references, we used the measured hybridization intensities to calculate gene expression 3 and 6 h after exposure relative to the zero time point; these results were evaluated using direct comparison of these time points to RNA from unexposed plants (RNA-0). In total, 11 hybridizations were performed, as shown in Table 1 , including nine that were used to evaluate hydrogen peroxide response.
Data Normalization and Comparison
The first step in our analysis was to calculate inferred levels at the 3-and 6-h time points relative to unexposed plants using the comparisons between these and the reference nucleic acids (RNA-p or genomic DNA). These inferred measurements would then be Combine results to make inferred, "virtual" comparison evaluated relative to direct comparisons between the 3-and 6-h time points with the unexposed plants. Hybridization intensities for the elements on each slide were first adjusted using total intensity normalization.
For direct comparison measurements of later time points with the untreated RNA-0 reference, these normalized values were then used to compute an inferred expression ratio for each gene, comparing later times to the unexposed reference (time 0): T/T 0 , where T represents the expression level at either the 3-or 6-h time point. For both the genomic DNA and RNA-p reference samples, the total intensity was also adjusted to be equal between slides, and expression ratios measured for each gene at each time point relative to the reference were used to infer the T/T 0 ratio:
Vol where R 1 and R 0 are the measured hybridization intensities for the reference sample (either genomic DNA or RNA-p) for each gene on the time T (3 or 6 h after treatment) or time T 0 slide, respectively. The underlying hypothesis here is that the representation of the reference should be equivalent between hybridizations and, consequently, that the measured fluorescence intensity for each gene measured in the reference channel should be equal across all slides. This scaling preserves the ratio between the query and reference sample for each gene on each slide and allows meaningful comparisons between genes across slides, as it provides a normalization of the data to account for spot variability. This procedure is shown schematically in Figure 2 , where samples A and B represent the T and T 0 samples, respectively. All calculated gene expression ratios were log 2 -transformed before comparing measurements. Differentially expressed genes at the 95% confidence level for each reference set were determined by assuming the log 2 ratio values for each data set are normally distributed and selecting genes with values more than 1.96 standard deviations from the mean of all log 2 ratio values. Figure 3 shows hybridization images using both RNA-0 and genomic DNA reference sources, along with ratios calculated for seven significantly regulated genes, comparing expression at the 3-h time point relative to time zero.
Comparison of Reference Samples
To facilitate our comparison, we limited analysis to those genes with hybridization intensities detectable above background on all arrays at a particular time point following exposure (1608 genes for 0 to 3 h comparisons, and 1669 genes for 0 to 6 h); scatter plots of the normalized log 2 ratios obtained using our three reference sources are shown in Figure 4 . As can be most clearly seen in the direct RNA-0 comparisons, the majority of genes assayed did not exhibit a significant change in expression following exposure to hydrogen peroxide. Further, as might be expected, inferred measurements based on independent comparison to a reference sample are more variable than direct measurements. However, it is noteworthy that both genomic DNA-and RNA-p-based comparisons exhibit similar levels of correlation, suggesting that the accuracy of genomic DNA-based measurement are comparable to those obtained using other reference nucleic acids.
To test this observation, we examined correlations between the log 2 ratio expression measurements with each of the three reference sources, calculated relative to unexposed plants, at the 3-and 6-h time points. As can be seen in Figure 5A , at both 3 and 6 h, the calculated expression ratios correlate much better between the RNA-based measurements than between genomic DNA and either RNA-based measure. We then compared the genes identified as significantly up-or down-regulated at the 95% confidence level in each direct or inferred comparison to unexposed plants ( Figure 5B) . Again, the genomic DNA reference measurements were found to be the most divergent, sharing only 46% with the direct RNA-0 measurements. In contrast, the RNA-p measurements had 72% of its differentially expressed genes validated by the RNA-0 measurements. This clearly suggests that pooled RNA is superior to genomic DNA as a reference sample for array hybridizations. This may be because hybridization kinetics in genomic DNA-based samples is more complex than that involving RNA-based reference samples. When only RNA is used as the source nucleic acid, labeling involves creating first-strand cDNA products for both the query and the reference sample. However, genomic DNA references contain representatives of both the coding and noncoding strands. As such, solution hybridization interactions may interfere with hybridization to the arrayed probes, particularly for genes expressed at low to moderate levels. However, all three sets of experiments, including those obtained using genomic DNA, successfully reported significant induction of the three marker genes, 70-kDa heat shock protein (At2g32120), PAL1 (At2g37040), and GST6 (At2g47730) ( Table 2) . We also examined the expression of two additional genes that code for a putative small heat shock protein (At2g19310) and another GST (At2g29450) that are closely related to the genes previously identified as being regulated by hydrogen peroxide ( Table 2 ). The RNA-0 and genomic DNA reference samples identified these genes as significantly differentially expressed, while the RNA-p set failed to report differential expression for GST. In more extensive time course experiments examining expression at 0, 1, 3, 6, and 12 h after exposure and using an RNA-0 reference, GST clearly showed induction in response to hydrogen peroxide, peaking 1 h after exposure (unpublished data). The consistency of these with published results suggests that both direct and inferred comparisons can yield results that are biologically meaningful.
DISCUSSION
There is an increasing number of published studies showing that differentially expressed genes identified by direct comparison on DNA microarrays can be validated using other techniques, such as RT-PCR or Northern analysis. However, there is growing interest in using common reference samples for DNA microarray analyses, with the underlying assumption being that comparisons to the common reference can be used to infer any direct comparisons between samples. While most studies use pooled RNA as the common reference, RNA sources are inherently unstable, as each time the RNA is collected, differences in growth or collection conditions can change the composition of the final RNA sample. For this reason, there has been a growing interest in a "universal" reference that would not depend on the age, treatment, or tissue of the source. Genomic DNA is one potential universal reference.
Our results indicate that inferred comparisons using pooled RNA as a common reference can indeed compare favorably to direct comparisons in the sense that the gene-by-gene expression ratios correlate rather well and that the most significantly differentially expressed genes are in good concordance. Obviously, these correlations would improve with greater replication, but already our results suggest that even simple comparisons can be achieved using a common reference.
Although genomic DNA does have a number of properties that would make it a good potential reference source, our results show that it does not perform nearly as well in the estimation of inferred comparisons as does pooled RNA. It should be noted, however, that even genomic DNA was able to identify the highly and significantly differentially expressed genes. This suggests that one could use genomic DNA as an alternative in specific applications when sufficient RNA is unavailable or a suitable RNA reference does not exist. However, any results derived from these analyses must be carefully validated, as they deviate from those obtained using RNA-based reference sources.
